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Floquet engineering is a powerful tool to customize quantum states and Hamiltonians via time-
periodic fields. In this manuscript, we periodically modulate the lattice potential of a 87Sr optical
clock. Different from previous works where the external (spatial) single-particle energies are manip-
ulated, we target the internal (atomic) degrees of freedom and engineer the optical clock transition.
We shape Floquet quasi-energies and measure their resonance profiles with Rabi spectroscopy. We
provide the spectroscopic sensitivity of each band by measuring the Fisher information and show
that this is not depleted by the Floquet dynamical modulation. The demonstration that the internal
degrees of freedom can be selectively engineered by manipulating the external degrees of freedom
inaugurates a novel device for metrology, sensing and quantum technologies.
Introduction. — The coherent manipulation of quan-
tum systems using periodic modulations, also known
as Floquet engineering (FE), is becoming a central
paradigm for the realization of synthetic quantum states
and Hamiltonians [1–3]. FE has been demonstrated in a
variety of different platforms including ultra-cold atoms
[1], photonics [4] and superconducting qubits systems [5].
In the context of atomic gases trapped in driven optical
lattices [1], the periodic modulation has been employed
to renormalize the parameters of the Hubbard Hamilto-
nian. In particular, the dynamical modulation can be
recast into an effective tunable tunneling. This has led
to the demonstration of coherent destruction of tunneling
[6], dynamical control of superfluid-insulator phase tran-
sitions [7], artificial gauge fields [8–10] and topological
lattice models [11–14].
On the other hand, the optical lattice clock (OLC) is
among the most accurate precision measurement devices
[15–18]. It sets the ground for next standard of time
and several proposals aim to exploit their extraordinary
stability and accuracy to address fundamental problems
ranging from the measurements of physical constants [19]
to the detection of gravitational waves [20],[21]. OLC
consists of an optical local oscillator stabilized by an ap-
propriately chosen two energy levels transition of several
atoms trapped in a stationary lattice potential [22]. Usu-
ally, a lattice field can significantly modify the transition
energies. In OLC, this problem is addressed by engineer-
ing the magic-wavelength transition of 87Sr atoms that is
well known to be insensitive to the external trap thanks
to a first-order light shift cancellation [17]. Considering
the spontaneous emission of the 87Sr excited clock state
becomes important in about 160 s, the OLC becomes
an ideal candidate for Floquet engineering the internal
(atomic) energy distribution.
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Figure 1. (a) The optical lattice potential is made by a
counter-propagating laser (λL = 813 nm) along the z direc-
tion. The beam waist (W0 = 50 µm) locates the center of the
magneto-optical trap (MOT) and its distance from the high-
reflecting mirror is L ' 0.3 m. The clock laser (λp = 698 nm)
is locked to the ultralow-expansion (ULE) glass cavity and
nearly aligned along the same direction of the lattice laser to
excite the clock transition. The Floquet modulation (FM) of
the lattice laser is controlled with a build-in piezo actuator.
(b) At magic-wavelength λL only one sharp peak at the clock
transition is observed in the Rabi spectroscopy (blue curve).
(c) When turning on the periodic driving, the carrier peak is
split into several Floquet bands as observed in the Rabi spec-
troscopy (blue curve) and schematically shown in the oval
inset.
In this manuscript, we demonstrate Floquet clock
bands realized with a dynamical periodic modulation
of the trapping potential. We show that the atomic
spin population dynamics is governed by a periodi-
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2cally driven Landau-Zener-Stuckelberg-Majorana Hamil-
tonian (LZSM) [23, 24]. We resolve several Floquet quasi-
energy bands with ultra-sensitive Rabi spectroscopy.
Each band consists on the optical clock transition mod-
ified by multiples of the driving frequency. The num-
ber and the shape of the resonance peaks are controlled
by an opportunely tailored multi-frequency driving. We
study the spectroscopic sensitivity of each band by mea-
suring the Fisher information, which provides the ulti-
mate bound in sensitivity in parameter estimation theory
[25, 26]. We show the sensitivity is unaffected by the Flo-
quet shaking potential demonstrating that, on the time
scales of our experiments, dynamically induced decoher-
ences and thermalization effects can be ignored. Our
work opens to the design of a new generation of devices
for sensing, metrology and quantum simulations where
the internal energy structure of an optical lattice clock
can be engineered by manipulating the motional atomic
degrees of freedom.
Experiment set-up. — Approximately 104 fermionic
87Sr atoms are cooled down to 3µK and loaded in a
quasi one-dimensional optical lattice aligned with the z
axis. The lattice is created by a counter-propagating
laser beam at magic-wavelength λL = 813 nm [27, 28]
(Fig. 1a), so that the atoms at the dipole-forbidden tran-
sition energy levels (5s2)1S0(|g〉) and (5s5p)3P0(|e〉) feel
the same lattice potential [17] (Fig. 1b). We load about
one thousand lattice sites separated by barriers of height
V0/Er ≈ 90 (Er is the recoil energy) which hinder inter-
site tunneling. We Floquet engineer our system by peri-
odically driving the piezo actuator. The frequency of the
lattice laser is modulated as ωL(t) = ω¯L + f(t), where
ω¯L = 2pic/λL is the average lattice carrier frequency and
f(t) =
N∑
m=1
ωm sin(ωsmt) (1)
is a T = 2pi/ωs periodic N -modes function.
In the following we first consider a monochro-
matic driving f(t) = ω1 sin(ωst), while a multi-
mode driving will be discussed later. The inten-
sity of the lattice laser along the z direction be-
comes I = I0 sin
2
(
ω¯L(z +
∫
v(t)dt)/c
)
, where v(t) '
ω1ωsL cos(ωst)/ω¯L is an effective lattice velocity. In
the lattice co-moving frame, the frequency of the opti-
cal clock laser (CL) ωp is shift to ω
′
p(t) = (1− v(t)/c)ωp
due to the relativistic Doppler effect.
Model. — The Hamiltonian of a single atom interro-
gated by the clock laser and trapped in a driven periodic
potential can be written as Ĥ = Ĥext +Ĥint +Ĥc , where
Ĥext = [
p̂2
2M
+
α0I0
20c
e−2r
2/w20 sin2
( ω¯L
c
z
)
−Mωmω
2
sL
ω¯L
zsin(ωst)]σ̂
(0), (2)
governs the motion of the center of mass of the atom and
Ĥc =
αcI0
40c
sin (ωst) sin
2
( ω¯L
c
z
)
σ̂(3) (3)
is coupling Hamiltonian provided by a spin-dependent
optical lattice potential (notice that this term has a
purely dynamical origin, while spin-dependent periodic
potentials have been previously created with polarized
standing waves laser fields [29, 30]). The parameter αc is
proportional to the difference between the polarizability
derivatives of the two spin states calculated at the magic-
wavelength . We have chosen the values of the coupling
constant αcI040c ≈ 1Hz so that Eq.3 can be neglected on
times scales of the order of a second. This is of the same
order of the dephasing time of our optical lattice clock
caused by the finite temperature of the atomic sample.
The spin dynamics of the atomic gas is governed by the
Landau-Zener-Stuckelberg-Majorana Hamiltonian [24]:
ĤLZSM (t) =
~
2
(
δ + ωp
v (t)
c
)
σ̂
(3)−→n +
g−→n
2
σ̂
(1)−→n (4)
where δ = ω0 − ωp is the detuning, ω0 is the clock
transition frequency of 87Sr, g−→n is an effective coupling
strength of the atoms with the CL. Notice that the spa-
tial driving enters as an effective modulation proportional
to v (t) while the external degrees of freedoms of the
atoms remain unchanged when ignore the small linear
potential term in Eq. 2: the vector −→n = (nz, nr) de-
notes the quantum numbers of the eigenenergies E−→n /h =
νz(nz + 1/2) + νr(nr + 1) of the trapping potential hav-
ing longitudinal and transverse trap frequencies νz = 64.8
kHz and νr = 250 Hz, respectively.
Rabi spectroscopy. — The measurements of the atomic
energies are performed by high-precision clock Rabi spec-
troscopy that operates at a fractional instability of 10-15
[31]. A λp = 698 nm the spectroscopic clock laser is
locked to an ultralow-expansion cavity having a linewidth
of approximately 1 Hz. A slight misaligning between
CL and lattice axis, see Fig. 1a, induces a coupling to
the suppressed radial motional modes and a correction
arising from the thermal distributions on the coupling
strength: g−→n = g0e−(η
2
z+η
2
r)/2Lnr (η
2
r)Lnz (η
2
z), where
g0/h =3.3 Hz, and Ln is the nth order Laguerre polyno-
mial with Lamb-Dick parameters ηz =
√
h/(2Mνz)/λp
and ηr =
√
h/(2Mνr)δθ/λp. At the end of each spec-
troscopic probe, the number of atoms in the |g〉 and |e〉
states are determined by using a cycling transition . This
provides the normalized population fraction Pe of the
|e〉 state. After many repetitions of the measurements,
data are collected while the CL is scanned across the
clock transition to eventually construct the Rabi spec-
trum (Fig. 2). Rabi oscillations as a function of the probe
pulse time tp are shown in Fig. 3. Both the Rabi spec-
troscopy and the Rabi oscillations are performed while
modulating the system with the Floquet periodic driv-
ing. Notice that since the measurement processes last
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Figure 2. Rabi spectroscopy of the Floquet bands. (a)-(e)
Monochromatic driving with different amplitudes A. The ex-
perimental measurements at the probe time tp = 150 ms and
driving frequencies ωs/2pi = 50 Hz (red square) and ωs/2pi =
100 Hz (blue diamond) are compared with theoretical results
(solid black line). (f) Three-frequencies driving with two sets
of coefficients: Mode-1: ~A1 = {0.065, 0.345, 0.243} and Mode-
2: ~A2 = {0.005, 0.005, 0.16}. The measured Rabi spectrum
of Mode-1 (red square) and Mode-2 (blue diamond) are pre-
sented. In both cases, the probe time is tp = 200 ms and the
driving frequency ωs/2pi = 50 Hz. In red ovals, the suppres-
sion of the second order FBs when using the Mode-2 set of
parameters is shown, demonstrating the possibility of manip-
ulating specific FB. The solid red and black lines are the the-
oretical Rabi spectrum of Mode-1 and Mode-2, respectively.
only hundreds of milliseconds, we can ignore the spon-
taneous emission due to the long life time of the excited
states. According to the Floquet theory [2], the clock
energy levels are split to several Floquet bands (FB) as
depicted in Fig. 1c. The experimental results of the Rabi
spectroscopy done at different driven modulation ampli-
tudes ω1 and frequencies ωs are presented in Fig. 2a-e.
We observe, in particular, that (i) sharp FBs are sep-
arated by intervals ωs, each band having a few Hz line-
width; (ii) the number of FBs is increasing with the renor-
malized driven amplitude A = ω1ωpL/2ω¯Lc; (iii) the in-
tensity of Floquet Rabi spectra depends on the values of
A (and not on ωs) after rescaling the detuning as (ω0 −
ωp)/ωs. These phenomena can be quantitatively under-
stood within the Floquet theory [2]. Because of the ultra-
stable narrow optical CL and δ  2piνz, the Rabi oscilla-
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Figure 3. Theoretical (solid lines) and experimental (dashed
lines) Rabi oscillations at driven amplitudes (a) A = 0.38, (b)
A = 0.76 and (c) A = 1.14. The red hexagons are for the
zeroth band while the blue squares for first band. (d) The
ratio between Floquet modulated Rabi frequencies with Rabi
frequencies of the zeroth and first bands measured experimen-
tally are compared with the Bessel function predicted by the
Floquet theory.
tions mainly occur within a fixed external quantum num-
bers −→n . We can therefore study the dynamical evolution
of the spin populations in an extended Hilbert space, con-
sisting of the direct product of the original spin and Flo-
quet quasi-levels [|g〉, |e〉]⊗[1, e±iωst, e±2iωst, e±3iωst...].
In the resonance region ωs  gnz,nr [24], we define an ef-
fective Rabi frequency for the kth FB as gk−→n = g−→n Jk[2A],
where Jk[2A] is the kth order first kind Bessel function.
Thus, the excited state population for kth FB is:
P ke (δ, t) =
∑
~n
qz(nz)qr(nr)
(
gk~n
~Rk
)2
sin2
[
Rk
2
t
]
, (5)
where Rk =
√
(gk−→n /~)
2 + (δ − kωs)2. The qz(nz) and
qr(nr) are the statistical distributions of the atoms
among the eigen-energies of the lattice trapping potential
[32]. It is important to notice here that the atomic statis-
tical distributions in periodically driven systems are, in
general, not fully understood in the literature. We could
still expect a Boltzmann distribution with an effective
temperature since, in our case, the Floquet gap ~ωs/kB
(kB is the Boltzmann constant) is about a few nK and
is much smaller than the longitudinal trap gap energy
hνz/kB which is several µK. We therefore assume the
Boltzmann distributions qz(r)(nz(r)) = (1 − Zz(r))Znz(r)z(r)
with Zz(r) = e
−hνz(r)/(kBTz(r)) where the longitudinal and
transverse trap effective temperatures Tz = 2.96 µK and
Tr = 3.68 µK are extracted by the experimental side
bands spectra [32].
The quantitative agreement between the theoretical
4predictions Eq. 5 and the experimental spectra reported
in Fig. 2a-e demonstrates the validity of the Boltz-
mann statistics assumption. Furthermore, from Eq. 5
we gather that the center of the Rabi spectrum P ke (δ, tp)
is provided by ωs while the line shapes mainly depends
on A, in agreement with what observed in (i) and (iii).
The point (ii) is the direct consequence of the Bessel func-
tions modulations of the Rabi frequency. By increasing
the renormalized driven amplitude A, higher order Bessel
functions become relevant and an increasing number of
FBs emerges. At the same time, the weights of a few of
them may decrease or be totally suppressed, as can be
observed in the zeroth band at A = 1.14 and in the first
FB at A = 1.9 in Fig. 2. In Fig. 3a-c we show the Rabi
oscillations at different values of the strength A. Notice
that at A = 1.14, the zeroth band is totally eliminated,
as also evident from Fig. 2c. We can probe the height
P ke (δ, tp) of kth FB at a time tp and compare it with the
non-driven case at a different time t′p, defined as the time
when the values of the two peaks are the same. The ratio
between Floquet modulated Rabi frequencies and natu-
ral Rabi frequency is gkeff/g0 = t
′
p/tp = Jk[2A]. As shown
in Fig. 3d, this Bessel function dependence emerges quite
clearly in the experimental results.
We now extend the monochromatic driving to a multi
modes periodical function, see Eq.1. In this case the kth
Floquet level is modulated by a rather complex combi-
nation of Bessel functions :
Jk[ ~A] =
∑
{k1,k2,...,kN}
∏
m
Jkm [2Am] (6)
with the constraint
∑
mmkm = k and Am ≡
ωmωpL/2ω¯Lc. By appropriately choosing the values of
Am of each mode, we independently modulate the FBs
while keeping the zeroth band nearly unchanged. As
shown in Fig. 2f, the experimental results of three-
frequencies driving are in good agreement with the the-
oretical prediction Eq. 5 after replacing Jk[A], with
Jk[−→A ]. It would also be possible to create asymmetric
distributions by introducing a phase in each mode.
Sensitivity of the Rabi spectroscopy. — At last, we
estimate the spectroscopic sensitivity of the modulated
optical clock by measuring the Fisher information . The
Fisher information (FI) plays a central role in parameter
estimation theory, where it determines the Cramer-Rao
sensitivity lower bound [21], [25], [26]. The FI is also
inversely proportional to the Allan variance [33], σAl ∼
1/(τF ), where τ is the measurement time, whenever time
noise correlations of the local oscillator can be neglected.
Here the parameter to be estimated is the detuning δ,
with the Fisher information
F (δ) =
1
Pe(δ)(1− Pe(δ))
(
∂Pe(δ)
∂δ
)2
. (7)
The Eq. 7 is recovered for dichotomic (yes/no) mea-
surement results and therefore coincides with an error
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Figure 4. Fisher information of Floquet distributions. (a) The
FI as function of rescaling detuning with parameter values as
in Fig. 2b. We compare the cases of zero and finite tempera-
tures with A=0.76; (b) Comparison of the FI for the Mode-1
and Mode-2 three-frequencies driving case, see Fig. 2f; Ex-
perimental (hollow icons) and theoretical (solid icons) values
of the maximum Fisher information in case of (c)g0/h = 3.3
Hz and (d) g0/h = 12 Hz. The dark filled circles are the max-
imum theoretical value of the Fisher information, maximized
over all possible value of g0, at finite temperature. (In these
cases, the maximum Fisher information at zero temperature
is ∼ 9.1× 10−3 at g0m/h ' 3.34 Hz while the thermal effects
reduces it to ∼ 5.2× 10−3).
propagation expression [34]. The higher is the FI, the
higher the sensitivity of the estimation. Given the sym-
metry of the probability distributions, the FI of each
band has a two peaks structure, with the maximum de-
termined by the competition between a maximum slope
and a minimum fluctuation (provided by the denomina-
tor of Eq. 7). In Fig. 4a-b we show the theoretical
calculation of the Fisher information at a fixed g0. In
Fig. 4a we compare the FI at zero and finite tempera-
ture. It is evident that the value of FI strongly depends
on the Floquet band and is depleted by the temperature
of the atomic gas. In Fig. 4b we compare the FI for the
Mode-1 and Mode-2 three-frequencies drive. In Fig. 4c-d
we compare the theoretical values of the FI obtained with
Pe(δ, t) given by Eq. 5, with the experimental results ob-
tained from the Rabi spectra reported in Fig. 2. The
black filled circles report the theoretical value of the FI
maximized over all possible values of g0. The theoretical
values agree with the experimental results within a factor
2, in average. This is remarkable given that the theoreti-
cal Fisher information has been calculated by only taking
in account temperature effects but not other source of de-
coherence like the laser fluctuations that are present in
the experimental realizations.
Conclusion and outlook. — We have engineered an
optical atomic clock by periodically driving the trap-
5ping lattice potential. We have resolved with Rabi spec-
troscopy several Floquet quasi-energy bands. We have
demonstrated the possibility to selectively manipulate a
chosen band by appropriately adjusting the driven am-
plitudes of different driving modes. In future work, it
will be possible to shape the inter-well tunneling barri-
ers of the lattice by modulating the potential of Eq. 2
as already demonstrated in [6–14]. The spin-lattice cou-
pling Hamiltonian Eq. 3 can be switched on to introduce
entanglement between spatial and spin coordinates. Fur-
thermore, it will be possible to control the inter-atomic
interaction in bosonic clocks with Feshbach resonances
[35]. These explorations will open to the possibility of
creating a novel generation of quantum simulators with
the experimental measure of the Fisher information wit-
nessing multiparticle entanglement [36, 37].
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